ABSTRACT-The activation of microsomal glutathione S-transferase in oxidative stress was investigated by perfusing isolated rat liver with 1 mM tert-butyl hydroperoxide (t-BuOOH). When the isolated liver was per fused with t-BuOOH for 7 min and 10 min, microsomal, but not cytosolic, glutathione S-transferase activ ity was increased 1.3-fold and 1.7-fold, respectively, with a concomitant decrease in glutathione content. A dimer protein of microsomal glutathione S-transferase was also detected in the t-BuOOH-perfused liver. The increased microsomal glutathione S-transferase activity after perfusion with t-BuOOH was reversed by dithiothreitol, and the dimer protein of the transferase was also abolished. When the rats were pretreated with the antioxidant a-tocopherol or the iron chelator deferoxamine, the increases in microsomal glutathione S-transferase activity and lipid peroxidation caused by t-BuOOH perfusion of the isolated liver was prevented. Furthermore, the activation of microsomal GSH S-transferase by t-BuOOH in vitro was also inhibited by incubation of microsomes with a-tocopherol or deferoxamine. Thus it was confirmed that liver microsomal glutathione S-transferase is activated in the oxidative stress caused by t-BuOOH via thiol oxidation of the enzyme.
Glutathione (GSH) S-transferases (EC 2. 5. 1. 18) are multifunctional proteins that function as the transferase catalyzing the conjugation of GSH with xenobiotics and reactive metabolites, and also as GSH peroxidase and binding proteins (1 -4) . Rat liver microsomal GSH S transferase contains one cysteine residue per subunit (5, 6) and is activated by modification of the sulfhydryl group (7 9 ). Recently we reported that oxidants or reduced oxygen species cause an oxidation of the sulf hydryl group of microsomal GSH S-transferase followed by a formation of the dimeric protein or a mixed-disulfide bond, resulting in an activation of the GSH S-transferase (10) (11) (12) . In addition, oxidative stress-induced activation of microsomal GSH S-transferase was also demonstrated by ischemia/reperfusion or perfusion with hydrogen peroxide of isolated rat liver (13) . Furthermore, organic hydroperoxides including linoleic hydroperoxide were shown to activate the microsomal GSH S-transferase via the thiol oxidation of the enzyme (14) . Since hydroxy alkenals and lipid hydroperoxides, which are toxic products from lipid peroxidation, serve as substrates for microsomal GSH S-transferase and GSH peroxidase (15, 16) , it was expected that microsomal GSH S-transferase is oxidatively activated by reactive oxygen species or meta bolic products formed during oxidative stress, and simul taneously detoxifies these toxic products as its own sub strates.
On the other hand, Lundqvist and Morgenstern (17) and Haenen et al. (18) reported that microsomal GSH S transferase is activated by covalent modification of the sulfhydryl group in the enzyme, but not through oxida tion by reactive oxygen species.
To obtain a clear understanding of the activation mechanism of microsomal GSH S-transferase, we exam ined the activation of the enzyme in oxidative stress caused by tert-butyl hydroperoxide (t-BuOOH) perfusion of the liver because radical-mediated oxidative stress by this agent has been well established (19) (20) (21) . In the present study, we confirmed that the microsomal GSH S transferase is activated by thiol oxidation in the oxidative stress caused by t-BuOOH perfusion of the isolated rat liver and discussed the relationship between oxidative acti vation and covalent modification of the enzyme.
MATERIALS AND METHODS

Chemicals
Reduced and oxidized glutathione, glutathione reduc tase, cumene hydroperoxide, t-BuOOH, deferoxamine mesylate and dithiothreitol were purchased from Sigma Chemicals (St. Louis, MO, USA). 1-Chloro-2,4-dinitro benzene, 2,4-dinitrofluorobenzene, iodo acetic acid and thiobarbituric acid were obtained from Wako Pure Chemicals (Osaka). NADPH and hydrogen peroxide were obtained from Oriental Yeast (Tokyo) and Santoku Kagaku (Tokyo), respectively. Sodium pentobarbital and DL-a-tocopherol were from Abbott Laboratories (Chicago, IL, USA) and Nacalai Tesque (Kyoto), respectively. All other chemicals used were of analytical reagent grade.
Pretreatment of animals
Male Sprague-Dawley rats (170-230 g) were used. In cases where pretreatment of rats with an antioxidant was necessary, a-tocopherol (100 mg/kg/5 ml) and deferoxa mine (500 mg/kg/5 ml) were injected intraperitoneally 15 and 0.5 hr before killing, respectively. a-Tocopherol was dissolved in ethanol and diluted with 0.9% sodium chlo ride solution containing 16% (v/v) Tween 80, whereas deferoxamine was dissolved in 0.9% sodium chloride solu tion. Control rats were given the same volume of each vehicle.
Perfusion of the isolated liver with t-BuOOH
Rats fasted overnight were anesthetized with sodium pentobarbital (40 mg/kg, intraperitoneally), and the iso lated liver was perfused, as described previously (14), with Krebs-Henseleit buffer in the presence or absence of 1 mM t-BuOOH for the indicated times. After perfusion, the liver microsomes and cytosol were prepared as described previously (10) .
Treatment of microsomes with agents in vitro Liver microsomes (4 6 mg/ml) prepared from non treated rats were suspended in 0.05 M potassium phos phate buffer (pH 7.4) containing 0.25 M sucrose and 0.3 mM EDTA and were incubated with 0.1 mM t-BuOOH in the presence or absence of 0.01 mM GSH in 0.05 M potas sium phosphate buffer (pH 7.4). Effects of dithiothreitol, a-tocopherol, and deferoxamine on GSH S-transferase activity were examined under the conditions described in each legend.
Assay
The GSH content of liver homogenates was measured by the method of Reed et al. (22) using high performance liquid chromatography. GSH S-transferase and peroxi dase activities were assayed by the method of Habig et al. (23) with the substrates 1-chloro-2,4-dinitrobenzene and GSH and the method of Reddy et al. (24) with cumene hydroperoxide, respectively. Lipid peroxidation in liver homogenates and microsomes was determined as thiobar bituric-acid-reactive substances (TBARS) by the method of Buege and Aust (25) . Protein concentration was deter mined by the method of Lowry et al. (26) .
Gel electrophoresis and immunoblotting SDS-polyacrylamide gel electrophoresis and immuno blotting were carried out by using anti-microsomal GSH S-transferase antibody, which was prepared in our labora tory, as described previously (11) .
Statistical analyses
Data are expressed as means±S.D.
Significance of difference was evaluated by Student's t-test, and P values <0.05 were taken as significant.
RESULTS
Time course effect of t-BuOOH perfusion on enzyme activity and lipid peroxidation Figure 1 shows the time course of the effect of t BuOOH perfusion of isolated liver on GSH S-transferase activity, GSH content and lipid peroxidation. When the isolated liver was perfused with 1 mM t-BuOOH from 7 to 60 min, microsomal GSH S-transferase activity was in creased 1.3-fold at 7 min and 1.7-fold at 10 min of perfu sion, followed by a decrease to 80% of the control after a 60 min perfusion. However, cytosolic GSH S-transferase activity was decreased to 86% of the control at 7 min, to 83 % at 10 min and to 20% at 60 min of perfusion. GSH content was decreased time dependently: 73076 of the con trol at 7 min, 64% at 10 min and was depleted at 60 min of perfusion. Oxidized GSH was not detected in the liver during t-BuOOH perfusion. Lipid peroxidation in the liver was also increased with increasing time of perfusion, showing a moderate elevation of lipid peroxide at 10 min and a marked increase at 60 min of perfusion.
Although microsomal GSH S-transferase activity was significantly increased after perfusion of the isolated liver with t-BuOOH for 7 min, a small increase (114%) in microsomal GSH peroxidase activity was observed. Cyto solic GSH peroxidase activity was not altered by the t BuOOH perfusion (Table 1) .
Gel electrophoresis and immunoblotting of liver micro somes after t-BuOOH perfusion
As shown in Fig. 2 , the microsomal GSH S-transferase activity was increased to 137010 of the control upon perfu sion with 1 mM t-BuOOH for 7 min and was decreased to 112% by treatment of the microsomes with dithiothreitol.
In the microsomes prepared from the t-BuOOH-perfused liver, the native microsomal GSH S-transferase (Mr 17,000) and a protein with a Mr of 34,000 were detected; and the later protein was abolished by treatment of micro somes with dithiothreitol, showing the dimer of micro somal GSH S-transferase. In the control liver, the native GSH S-transferase in microsomes and the protein with a
Mr of 50,000, assigned as a trimer of GSH S-transferase, were observed in spite of the presence or absence of dithiothreitol.
Thus it was clarified that microsomal GSH S-transferase was activated with a concomitant forma tion of the dimeric protein by t-BuOOH perfusion of the liver. Effect of a-tocopherol and deferoxamine on t-BuOOH induced activation of microsomal GSH S-transferase When the liver pretreated with a-tocopherol or with Fig. 2 . Gel electrophoresis and immunoblotting of microsomal proteins of t-BuOOH-perfused liver. Isolated rat liver was per fused with or without 1 mM t-BuOOH for 7 min at 37C. °GSH S-transferase activity (pmol/mg/min) in the liver microsomes was measured, and microsomal proteins from the control (33 llg protein) and t-BuOOH perfusion (44 pg protein) were applied to separate lanes of 15% SDS-polyacrylamide gels. Electrophoresis and immunoblotting were carried out as described previously (11) . Lanes 1 and 3, control microsomes; lanes 2 and 4, t-BuOOH-perfused microsomes; lanes 3 and 4, microsomes incubated with 5 mM dithiothreitol in 0.05 M potassium phosphate buffer (pH 7.4) for 10 min at room temperature. Protein standards were bovine milk a-lactalbumin, Mr 14,400; soybean trypsin inhibitor, Mr 20,100; bovine erythrocyte carbonic anhydrase, Mr 30,000; egg white ovalbumin, Mr 43,000; bovine serum albumin, Mr 67,000; and phosphorylase b, Mr 94,000. Table 2 . Effect of antioxidants on GSH S-transferase (GST) activity, GSH content and lipid peroxidation (TBARS) of t-BuOOH-perfused liver deferoxamine was perfused with 1 mM t-BuOOH for 10 min, microsomal GSH S-transferase activity was in creased only to 117% and to 126070 of the control, respec tively, compared to 166% by the perfusion with t BuOOH alone. The decreased GSH S-transferase activity in the cytosol (76% of the control) after the t-BuOOH perfusion was recovered to the control level by pretreat ment of rats with the agents. GSH content in the liver homogenates after perfusion with t-BuOOH was decreased to 52%, and the decrease was not improved by pretreatment with a-tocopherol and deferoxamine. An increase in lipid peroxidation in the homogenates and microsomes of the liver after t-BuOOH perfusion was depressed by pretreatment of rats with a-tocopherol or deferoxamine (Table 2) .
When microsomes were incubated with t-BuOOH or with t-BuOOH and GSH in vitro in the presence of the iron chelator deferoxamine, the increase in GSH S-trans ferase activity by t-BuOOH (1.3-fold by t-BuOOH alone and 1.5-fold by t-BuOOH and GSH) was completely prevented by the chelator. On the other hand, in a tocopherol (0.2 mM)-treated microsomes, about a 10% in crease in microsomal GSH S-transferase activity was seen by t-BuOOH alone even though there was no increase in the activity by t-BuOOH and GSH (Table 3) . 
Effect of dithiothreitol and N-ethylmaleimide on t BuOOH-activated GSH S-transferase in vitro
As shown in Table 4 , microsomal GSH S-transferase activity, which was increased to 1.8-fold by t-BuOOH alone and to 2.7-fold by t-BuOOH and GSH, showed a 1.5-fold and a 1.2-fold increase, respectively, after treat ment with dithiothreitol.
Although N-ethylmaleimide caused a 5.3-fold increase in GSH S-transferase activity in the control microsomes, the increase was only 1. involved as an active form of microsomal GSH S-trans ferase as seen previously (11, 12) . Thus it was confirmed that in the oxidative stress caused by t-BuOOH perfusion, the liver microsomal GSH S-transferase is activated via disulfide bond formation of the enzyme. Furthermore, the fact that the increases in the microsomal GSH S-trans ferase activity and lipid peroxidation after t-BuOOH per fusion of the liver were prevented by pretreatment of rats with a-tocopherol or deferoxamine clarified the oxidative stress mediated-activation of microsomal GSH S-trans ferase. Studies have suggested , that t-BuOOH is converted catalytically by both heme and nonheme-iron complexes to radicals, which in turn attack cellular components resulting in lipid peroxidation and cellular damages (19 21) and that protein thiols are oxidized via thiyl radi cals after administration of organic hydroperoxides to rats (27) . a-Tocopherol can scavenge free radicals that are produced within membranes (28, 29) , and deferoxamine is an iron chelator (30, 31) . Thus it is clear that radicals formed from t-BuOOH through iron-mediated reactions lead to the oxidation of the thiol in microsomal GSH S transferase via thiyl radical, resulting in disulfide bond formation with a concomitant increase in the enzyme activity and that deferoxamine disturbs t-BuOOH radical formation by chelating irons and a-tocopherol scavenges t-BuOOH radicals; consequently, both agents prevent t BuOOH-induced activation of GSH S-transferase and lipid peroxidation.
These findings were confirmed by in vitro studies. Although incubation of microsomes with t-BuOOH alone and t-BuOOH with GSH increased GSH S-transferase activity in vitro, it was completely prevented in the Fig. 3 All these data indicate that microsomal GSH S-trans ferase is activated in oxidative stress caused by t-BuOOH via thiyl radical, resulting in disulfide bond formation.
The activation mechanism of microsomal GSH S-trans ferase by t-BuOOH perfusion is summarized in Fig. 3 .
We further examined the possibility of covalent binding or irreversible modification of microsomal GSH S-trans ferase in vitro. As shown in In contrast to the prevention by a-tocopherol and deferoxamine of the increase in GSH S-transferase activ ity and lipid peroxidation in t-BuOOH perfused liver, the decrease in GSH content in the liver after t-BuOOH perfu sion was not recovered by pretreatment of rats with the agents. Since GSH in the liver is consumed by a nonen zymatic reaction with radicals or by GSH peroxidase that catalyzes the reduction of t-BuOOH to its alcohol accom panying oxidation of GSH, it is suggested that the liver GSH, which is present in the cytoplasm, is quickly con sumed by cytosolic GSH peroxidases with t-BuOOH be fore the t-BuOOH is decomposed to radicals, and the oxi dized glutathione formed from the action of GSH peroxi dase is reduced by GSH reductase. Thus the t-BuOOH that escaped from the action of GSH peroxidase can form its radicals which can attack cellular components and be modulated by radical scavengers. Consequently, GSH content in the liver after t-BuOOH perfusion may be kept at a low level regardless of pretreatment with a tocopherol or with deferoxamine.
In severe oxidative stress such as a 60-min perfusion of the liver with t-BuOOH, 80% of the microsomal GSH S transferase activity still remained in spite of a marked decrease in cytosolic GSH S-transferase activity. This means that the remaining activity of microsomal GSH S transferase plays an important role in the detoxication of toxic metabolites formed during oxidative stress. Con sidering not only that microsomal GSH S-transferase can detoxify fatty acid hydroperoxides or 4-hydroxyalkenals, which are its own substrates (15) , but also that lipid hydroperoxides can activate the microsomal GSH S-trans ferase (14) , it is likely that the microsomal GSH S-trans ferase is activated under oxidative stress by toxic metabo lites from lipid peroxidation, and then this activated trans ferase can defoxify them.
Although we showed in the previous report that microsomal GSH S-transferase is activated by ischemia/ reperfusion or perfusion with hydrogen peroxide of isolated rat liver (13) , in those cases, we determined neither lipid peroxidation as a marker of oxidative stress nor an antioxidant effect against oxidative stress. Thus, in the present study, it was concluded that the micro somal GSH S-transferase is activated by disulfide bond formation of the enzyme under oxidative stress by t BuOOH, and an activation by an irreversible modifica tion of the enzyme does not contribute in this case. In the in vitro activation of microsomal GSH S-transferase by t-BuOOH, in addition to the activation by disulfide bond formation, an irreversible modification of the GSH S-transferase is involved in the absence of GSH.
